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A projection screen (22) for a television has a three-dimensional hologram (26) on a film substrate (24). The screen (22) can have 
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PRCWlECriON TELEVISIONS WITH 
HOLOtSRAPMICSCffiEENS MAYING ST A CMD ELEMENTS 

BAOMSROUND 
5 Field of ttSne ImiverattSoEn 

This invention relates generally to the field of projection 
television receivers, and in particular to projection television 
receivers having screens providing significantly reduced color shift 
and/or significantly reduced cabinet depth. 
10 Baickgroiminid IfinlToirmaitioini 

Cblor shift is defined as the change in the red/ blue or 
green/ blue ratio of a white image formed at the center of a 
projection screen by projected images from red, green and blue 
projection tubes, when viewed at different angles in the horizontal 
15 plane, by observations made at the peak brightness vertical viewing 
angle. 

The color shift problem is caused by the need for at least 
three image projectors for respective images of different colors, for 
example, red, blue and green. A projection screen receives images 
20 from the at least three projectors on a first side and displays the 
images on a second- side with controlled light dispersion of all the 
displayed images. One of the projectors, usually green and usually 
in the center of an array of projectors, has a first optical path in a 
substantially orthogonal orientation with the screen. At least two of 
25 the projectors, usually red and blue and usually positioned on 

opposite— sides— of~the-centr-al- green— projector— in— the-array-,- 

respective optical paths converging toward the. first optical path in a 
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non orthogonal orientation defining angles of incidence. Cblor shift 
results from the non orthogonal relationship of the red and blue 
projectors, relative to the screen and to the green projector. As a 
result of the color shift, color tones may differ at every position on 
the screen. The condition in whidi the color tone difference is large 
is often referred to as poor white uniformity. The smafler the color 
shift, the better the white uniformity. 

Cblor shift is denoted by a scale of numbers, in which lower 
numbers indicate less color shift and better white uniformity. In 
accordance with a common procedure, values for the red, green and 
blue luminance are measured at the screen center from a variety of 
horizontal viewing angles, typically from at least about -40° to +40», 
to as much as about -60» to -t60», in 5» or 10° increments. The 
positive and negative angles represent horizontal viewing angles to 
15 the right and left of screen center, respectively. These 
measurements are taken at the peak vertical viewing angle. The 
red, green and blue data is normalized to unity at 0°. One or both of 
the following equations (I) and (II) are evaluated at each angle: 


20 


where 9 is any angle within a range horizontal viewing angtes, Qe) 
is the color shift at angle 9, red(9) is the red luminance level at 
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angle e, blue(e) is the blue luminance level at angle 0 and green(e) 
is the green luminance level at angle 6. The maximum of these 
values is the color shift of the screen. 

In general, color shift-should be no larger than 5. nominally, 
on any commercially acceptable screen design. Qher engineering 
and design constraints may sometimes require that the color shift 
be somewhat higher than 5, although such color shift performance 
is not desirable and usually results in a perceptibly inferior picture 
with poor white uniformity. 

Screens for projection television receivers are generally 
manufactured by an extrusion process utifizing one or more 
patterned rollers to shape the surface of a thermoplastic sheet 
material. The configuration is generally an array of lenticular 
elements, also referred to as lenticules and lenslets. The lenticular 
elements may be formed on one or both sides of the same sheet 
material or on one side only of different sheets which can then be 
permanently combined as a laminated unit or otherwise mounted 
adjacent to one another so as to function as a laminated unit. In 
many designs, one of the surfaces of the screen is configured as a 
Fresnel lens to provide light diffiision. Prior art efforts to reduce 
color shift and improve white uniformity have focused exclusively 
on two aspects of the screen. OSne aspect is the shape and 
disposition of the lenticular elements. The other aspect is the extent 
to which the screen material, or portions thereof, are doped with 

Ught diffiising-partiGles-to-eontroHight-diffusion^hese-effo^^ 
exemplified by the following patent documents. 
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In US 4.432.010 and US 4.536.056, a projection screen 
includes a light-transmitting lenticular sheet having an input 
surface and an exit surface. The input surface is characterized by 
horizontally diffusing lenticular profiles having a ratio of a 
5 lenticulated depth Xv to a close-axis-curvature radius Rl (Xv/Rl) 
which is within the range of 0.5 to 1.8. The profiles are elongated 
along the optical axis and form aspherical input lenticular lenses. 

The use of a screen with a double sided lenticular lens is 
common. Such a screen has cylindrical entrance lenticular elements 
0 on an entrance surface of the screen, cylindrical lenticular elements 
formed on an exit surface of the screen and a light absorbing layer 
formed at the light non convergent part of the exit surface. The 
entrance and the exit lenticular elements each have the shape of a 
circle, ellipse or hyperbola represented by the following equation 
5 (III): 

z(x) = (J J J) 

i+n-(K+i)c'x'r2 


wherein Cis a main curvature and Kis a conic constant. 

Alternatively, the lenslets have a curve to which a term with 
a higher order than 2nd order has been added. 
0 In screens making use of such a double sided lenticular lens, 

it has been proposed to specify the position relationship between 
the entrance lens and exit lens, or the lenticular elements forming 
the lenses. It has been taught, for example in US 4,443,814, to 
position the entrance lens and exit lens in such a way that the lens 


m 
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surface of one lens is present at the focal point of the other lens. It 
has also been taught, for example in JP 58-59436, that the 
eccentricity of the entrance lens be substantiaUy equal to a 
reciprocal of the refractive index of the material constituting the 
5 lenticular lens. It has further been taught, for example in US 
4,502,755, to combine two sheets of double-sided lenticular lenses 
in such a way that the optic axis planes of the respective lenticular 
lenses are at right angles with respect to one another, and to form 
such double sided lenticular lenses in such a way that the entrance 

10 lens and exit lens at the periphery of one of the lenses are 
asymmetric with respect to the optic axis. It is also taught, in US 
4,953,948, that the position of light convergence only at the valley 
of an entrance lens should be offset toward the viewing side from 
the surface of an exit lens so that the tolerance for misalignment of 

15 optic axes and the difference in thidkness can be made larger or the 
color shift can be made smaller. 

In addition to the various proposals for decreasing the color 
shift or white non uniformity, other proposals for improving 
projection screen performance are directed to brightening pictures 

20 and ensuring appropriate visual fields in both the horizontal and 
. vertical directions. A summary of many such proposals can be 
found in US 5,1 96,960, which itself teaches a double sided lenticular 
lens sheet comprising an entrance lens layer having an entrance 
lens, and an exit lens layer having an exit lens whose lens surface is 

25 for-med-at-the-light-eoHver-gent-point-of-the-entrance lensror-in-^^^^ — 

vicinity thereof, wherein the entrance lens layer and the exit lens 
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layer are each formed of a substantiafly transparent thermoplastic 
resin and at least the exit layer contains light diffusing fine particles 
and wherein a difference exists in the light diffusion properties 
between the entrance lens layer and the exit lens layer. A plurality 
of entrance lenses comprise a cylindrical lens. The exit lens is 
formed of a plurality of exit lens layers, each having a lens surface 
at the Ught convergent point of each lens of the entrance lens layer, 
or in the vicinity thereof. A light absorbing layer is also formed at 
the light non convergent part of the exit lens layer. This screen 
design is said to provide sufficient horizontal visual field angle, 
decreased color shift and a brighter picture, as well as ease of 
manufacture by extrusion processes. 

Despite many years of aggressive developments in projection 
screen design, the improvements have been incremental at best. 
Moreover, there has been no success in surpassing certain 
benchmarks. The angle of incidence defined by the geometric 
arrangement of the image projectors, referred to as angle a herein, 
has generally been limited to the range of greater than 0° and less 
than or equal to about 10» or 11°. The size of the image projectors 
and/or their optics, makes angles of a close to 0" essentially 
impossible. In the range of the angles of a less than about 10" or 
11°, the best color shift performance which has been achieved is 
about 5. as determined in accordance with equations (I) and (II). In 
the range of the angles of a greater than about 10° or 11°, the best 
color shift performance which has been achieved is not 
commercially acceptable. In fact, projection television receivers 
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having angles of a greater than 10" or 11° are not known to have 
been marketed. 

Small angles of a have a significant and undesirable 
consequence, namely a very large cabinet depth is needed to house 
a projection television receiver. The large depth is a direct result of 
the need to accommodate optical paths having small angles of 
incidence (a). For a given size of the image projectors and optical 
elements, the angle of incidence can be reduced only by increasing 
the length of the optical path between the image projectors or their 
optics and the screen. Techniques for reducing the size of projection 
television cabinets generally rely on mirrors for folding long optical 
paths. The color shift success of such efforts is ultimately limited 
because there is a low limit to the range of possible angles of 
incidence. 

15 Polaroid Corporation sells a photo polymer designated DMP- 

128®, which Polaroid Cbrporation can manufacture as a three 
dimensional hologram, using proprietary processes. The 
holographic manufacturing process is described, in part, in US 
5,576,853. Holographic photo polymers are generally useful for 
recording photographic images by splitting coherent light into an 
illumination beam and a reference beam. The illumination beam 
irradiates the subject. The reflected beam from the subject and the 
reference beam, which bypasses the subject, irradiate the photo 
polymer medium, which contains a developable light sensitive 
-25 photographic-compositionT The-light waves of f he two b^i^iH^ 


20 


interfere, that is, by constructive and destructive interference they 
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produce a standing wave pattern of sinusoidal peaks which locally 
expose the photographic composition, and nulls whidi do not locally 
expose the composition. When the photographic medium is 
developed, a corresponding interference pattern is recorded in the 
medium. By illuminating the medium with a coherent reference 
beam, the image of the subject is reproduced and can be viewed 
over a range of apparent angles. 

The recorded interference pattern of a hologram representing 
a typical photographic subject is complex because light from all the 
illuminated points on the subject interfere with the reference beam 
at all points on the hologram. It would be possible by recording the 
image of a blank "subject" (effectively by interfering two reference 
beams), to make a blank hologram in which the interference 
pattern is more regular. In that case the interference pattern would 
resemble a diffraction grating but the pitch or resolution of the 
diffraction grating would be quite fine compared to the pitch of a 
projection screen having macro sized lenticular elements shaped to 
bend or refract light in a particular direction from rearward 
projection tubes. 

A three dimensional holographic screen for a projection 
television was proposed by Polaroid Cbrporation. as one of many 
suggestions made during efforts to establish a market for the 
OVIP-1 28® photo polymer holographic product. The proposal was 
based on advantages which Polaroid Cbrporation expected in terms 
of higher brightness and resolution, lower manufacturing cost, lower 
weight, and resistance to the abrasion to which two-piece screens 
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are subjected during shipping. Polaroid Corporation never proposed 
any particular holographic configuration for the volume holographic 
elements which might make up such a holographic projection 
television screen, and never even considered the problem of color 
5 shift in projection television screens of any type, holographic or 
otherwise. 

Overall, despite years of intensive development to provide a 
projection television receiver having a screen with a color shift less 
than 5, even significantly less than 5, or having a color shift as low 
0 as 5 for angles of a even greater than 10° or 11°, there have been no 
advances in solving the color shift problem other than incremental 
changes in the shapes and positions of lenticular elements and 
difftisers in conventional projection screens. Moreover, despite 
suggestions that three dimensional holograms might be usefiil for 
5 projection screens, although for reasons having nothing to do with 
coIot shift, there has been no effort to provide projection televisions 
with three dimensional holographic screens. A long felt need for a 
projection television receiver having significantly improved color 
shift performance, which can also be built into a significantly 
smaller cabinet, has remained unsatisfied. 

SUMMARY 

A projection television receiver in accordance with the 
inventive arrangements taught herein provides such a significant 
improvement in color shift performance, measured in orders of 
magnitudeT that-a— color- shift— of-2~ or~less caiT be ac&ieved~witH~ 
projection television receivers having angles of incidence a in the 


o 
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range of less than 10» or 11°. Moreover, the color shift performance 
is so significant that commercially acceptable projection television 
receivers having angles of incidence up to about 30» can be 
provided, in much smaller cabinets. The color shift performance of 
such large a angle receivers is at least as good as conventional smaU 
a angle receivers, for example having a color shift of 5, and can be 
expected to approach or even reach values as low as about 2, as in 
the small a angle receivers. 

These results are achieved by forsaking the extruded lens 
screen technology altogether. Instead, a projection television 
receiver in accordance with an inventive arrangement has a screen 
formed by a three dimensional hologram formed on a substrate, for 
example, a polyethylene film, such as Mylar*. 

Such a three dimensional holographic screen was originally 
15 developed for its expected advantages in terms of higher brightness 
and resolution, and lower manufacturing cost, lower weight and 
resistance to abrasion to which two-piece screens are subjected, for 
example during shipping. The discovery of the color shift 
performance of the three dimensional holographic screen came 
about when testing to determine if the optical properties of the 
three dimensional screen would be at least as good as a 
conventional screen. The color shift performance of the three 
dimensional holographic screen, as measured by equations (I) and 
(II), was so unexpectedly low as to be shocking. The barriers which 
25 limited prior art improvements to incremental steps had been 
eliminated altogether. Moreover, smaUer cabinets with projection 


20 
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geometry characterized by larger a angles of incidence can now be 
developed. 

A projection television having the unexpected properties 
associated with three dimensional holographic screens, and in 

5 accordance with the inventive arrangements tau^t herein, 
comprises: at least three image projectors for respective images of 
different colors; a projection screen formed by a three dimensional 
hologram disposed on a substrate, the screen receiving images from 
the projectors on a first side and displaying the images on a second 

0 side with controlled light dispersion of all the displayed images; one 
of the projectors having a first optical path in a substantially 
orthogonal orientation with the screen and at least two of the 
projectors having respective optical paths converging toward the 
first optical path in a non orthogonal orientation defining angles of 

5 incidence; and, the three dimensional hologram representing a three 
dimensional interference array or diffraction patte;rn having a 
configuration effective for reducing color shift in the displayed 
images, the screen having a color shift less than or equal to 
approximately ,5 for all the angles of incidence in a range greater 

0 than 0" and less than or equal to approximately 30», as determined 
by the maximum value obtained from at least one of the following 
expressions: 

C(Q) = 20olos,,(^^); 

blue(Q) 
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blue(®) 


where 6 is any angle within a range horizontal viewing angles, 0(0) 
. is the color shift at angle 0, red(0) is the red luminance level at 
angle 0, blue(0) is the blue luminance level at angle 0 and green(0) 
5 is the green luminance level at angle 0. The color shift of the screen 
can be expected to be less than 5, for example, less than or equal to 
approximately 4, 3 or even 2. 

In terms of the known barrier at an angle of incidence of 
about 10° or 11°, the color shift of the screen is less than or equal to 

10 approximately 2 for all the angles of incidence in a first subrange of 
angles of incidence greater than 0° and less than or equal to 
approximately 10"; and, the color shift of the screen is less than or 
equal to approximately 5 for all the angles of incidence in a second 
subrange of angles of incidence greater than approximately 10° and 

15 less than or equal to approximately 30°. 

The screen further comprises a light transmissive reinforcing 
member, for example, of an acrylic material in a layer having a 
thidcness in the range of approximately 2-4 mm. The substrate 
comprises a highly durable, transparent, water-repellent film, such 

20 as a polyethylene terephthalate resin film. The substrate can be a 
film having a thickness in the range of about 1-10 mils. A 
thickness of about 7 mils has been found to provide adequate 
support for the three dimensional hologram. The thickness of the 
film is not related to performance. The three dimensional hologram 
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has a thickness in the range of not more than approximately 20 
microns. The projection television may further comprise one or 
more mirrors between the image projectors and the screen. 

According to an inventive aspect, the color shift performance 
5 of the projection screen can be further improved by stacking a 
plurality of holographic screen elements and/or collimating 
elements. For example, a holographic screen can be backed by 
vertical and horizontal linear Fresnel lenses for achieving a desired 
variation in light transmission properties across a span of vertical or 

10 horizontal viewing angles. Alternatively or in addition, a plurality 
of holographic screen elements having a variation in light 
transmission properties across a span of viewing angles can be 
stacked. According to a practical embodiment, at least two 
holographic elements are stacked, one providing a predetermined 

15 variation across a vertical span and the other providing a 
predetermined variation across a horizontal span. In this manner, 
the brightness of the image across the range of useful viewing 
angles can be adjusted and optimized to take full advantage of the 
available illumination. In addition, stacking of holographic elements 

20 and/or collimating elements can accommodate a variety of 
performance domains at a favorable cost, because linearly varying 
elements can be manufactured at a lower cost than circularly 
varying elements. For example, linearly, varying fresnel elements 
can be embossed or roller extruded, at a cost as low as 25%of the 

25 cos t of a circular fresnel. Similarly , a linearly varying holograph ic, 
master is less complicated and less expensive than a circular one 
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defining variations in two dimensions. 

BMEF DESCfflPTION OF THE DMA WINGS 
HGURE 1 is a diagrammatic representation of a projection 
television in accordance with the inventive arrangements taught 
5 herein. 

FIGLRE 2 is a simplified diagram of projection television 
geometry useful for explaining the inventive arrangements. 

FIGLKE 3 is a side elevation of a reinforced projection screen 
according to the inventive arrangements. 
10 FIGURE 4 is a schematic representation of an alternative 

embodiment of a projection screen with two superimposed 
holograms containing gain variations across horizontal and vertical 
viewing angles, respectively. 

FIGURES is a graphic representation of the proportion of peak 
15 white brightness as a function of horizontal viewing angle, using a 
horizontally varied holographic element with and without the 
stacked vertically varying holographic element. 

FIGURE 6 is a schematic drawing of an alternative 
embodiment having stacked holographic and collimating screen 
20 layers. 

DIES era PTE ON OF TEDE PEEFEKMEP EMBODIMENTS 
A projection television receiver 10 is illustrated 
diagrammatically in HGURE 1. An array 12 of projection cathode 
ray tubes 14, 16 and 18 provide red, green and blue images 
25 respectively. The cathode ray tubes are provided with respective 
lenses 15,17 and 19. The projected images are reflected by a 
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mirror 20 onto a projection screen 22. Additional mirrors can also 
be utilized, depending on the particular geometry of the optical 
paths. The green cathode ray tube 16 projects the green image 
along an optical path 32, which in this example is oriented 
5 substantially orthogonal to screen 22. In other words, the 
centerline of the optical path is at right angles to the screen. The 
red and blue cathode ray tubes have respective optical paths 34 
and 36, which converge toward the first optical path 32 in a non 
orthogonal orientation defining angles of incidence a. The angles of 
10 incidence introduce the problem of color shift. 

The screen 22 comprises a three dimensional hologram 26 
disposed on a substrate 24. Hologram 26 is a print of a master 
hologram substantiaUy forming a diffraction pattern that manages 
the distribution of light energy from the three projectors 14, 16, 18, 
15 and can be made variable across the width and/ or height of the 
screen. In a preferred arrangement, the hologram is a "center only" 
hologram that tends to reorient incident light. The screen receives 
images from the projectors on a first, entrance surface side 28 and 
displays the images on a second, exit surface side 30, with 
controlled light dispersion of all the displayed images. The 
substrate is preferably a highly durable. transparent, 
water-repellent film, such as a polyethylene terephthalate resin 
film. One such film is avaUable from E. I. du Pont de Nemours & Cb. 
under the trademark Mylar®. The film substrate has a thickness in 

25 the ran gg _o_f_abj),ut_l^l-0_mils,-equivalent-to-about-0-.oei-^ 

inches or about 25.4 - 254 microns. A film having a thickness of 


20 
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about 7 mils has been found to provide adequate support for the 
three dimensional hologram disposed thereon. The thickness of the 
film does not affect screen performance in general or color shift 
performance in particular, and films of different thickness may be 
5 utilized. The three dimensional hologram 26 has a thidcness of not 
more than approximately 20 microns. 

Three dimensional holographic screens are available from at 
least two sources. Polaroid Corporation utiUzes a proprietary, wet 
chemical process to form three dimensional holograms in its 
10 EMP-128 photo polymer material. The process includes forming a 
diffractive holographic pattern in the photo polymer material, 
which pattern can include variations in screen gain across the range 
of horizontal and/ or vertical viewing angles. A master hologram 
can be prepared by exposing photo polymer holographic media to 
15 coherent light including a reference beam and a beam reflected 
from a planar pattern having light-to-dark variations corresponding 
to the desired variation in gain. 

A preferred embodiment of the three dimensional 
holographic screens used in the projection television receivers 
20 described and claimed herein were manufactured by the Polaroid 
Cbrporation wet chemical process, in accordance with the following 
performance specifications: 

Horizontal half viewing angle: 3 8° ± 3°, 
Vertical half viewing angle: 1 0° ± 1 
25 Screen gain: ^ 8, 

Cblor shift: < 3, 


m 
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where the horizontal and vertical viewing angles are measured 
conventionally, screen gain is the quotient of light intensity directed 
from the source toward the rear of the viewing surface, and light 
intensity from the front of the viewing surface toward the viewer, 
5 measured orthogonal to the screen, and color shift is measured as 
described above. The extraordinary color shift performance of the 
three dimensional holographic projection screen was, as explained 
in the Summary, wholly une7q)ected. 

FIGURE 2 is a simplified projection television diagram, 

10 omitting the mirror and lenses, for explaining color shift 
performance. The optical axes 34 and 36 of the red and blue 
cathode ray tubes 14 and 18 are aligned symmetrically at angles of 
incidence a with respect to the optical axis 32 of the green cathode 
ray tube 16. The minimum depth Dof a cabinet is determined by 

15 the distance between the screen 22 and the rear edges of the 
cathode ray tubes. It will be appreciated that if the angle a is to 
become smaller, the cathode tubes must be placed closer together 
and/or must be spaced further from the screen to provide clearance 
for the tubes. - At a sufficiently small angle a, such interference 

20 cannot be avoided. This undesirably increases the minimum depth 
D of a cabinet. Cbnversely, as the angle a gets larger, the cathode 
ray tubes can be moved closer to the screen 22, reducing the 
minimum depth Dof a cabinet. 

On the viewing side of the screen 22, two horizontal half 

25 viewing angles are designated -B and 46. Together, a total 
horizontal viewing angle of 2B is defined. The half viewing angles 
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may typically range from ± 40° to ± 60°. Within each half angle 
are a plurality of specific angles 9, at which color shift can be 

measured and determined, in accordance with equations (I) and (II) 
explained above. 

5 In terms of the known barrier at an angle of incidence of 

about 10° or 11°, the color shift of the three dimensional holographic 
screen is less than or equal to approximately 2 for all the angles of 
incidence in a first subrange of angles of incidence greater than 0° 
and less than or equal to approximately 10°; and, the color shift of 

10 the screen is less than or equal to approximately 5 for all the angles 
of incidence in a second subrange of angles of incidence greater 
than approximately 10° and less than or equal to approximately 30°. 
It is expected that a color shift of less than or equal to 
approximately 2, as in the first subrange, can also be achieved in 

15 the second subrange of larger angles of incidence. 

With reference to FIGURE 3, the substrate 24 comprises a 
transparent film, such as Mylar®, as described above. The photo 
polymer material from which the three dimensional hologram 26 is 
formed is supported on the film layer 24. A suitable photo polymer 

20 material is Ea^P-128*. 

The screen 22 may further comprise a light transmissive 
reinforcing member 38, for example, of an acrylic material, such as 
polymethylmethacrylate (PMMA). Polycarbonate materials can also 
be used. The reinforcing member 38 is presently a layer having a 

25 thidcness in the range of approximately 2 - 4 mm. The screen 22 
and the reinforcing member are adhered to one another throughout 
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the mutual boundary 40 of the holographic layer 26 and the 
reinforcing member 38. Adhesive, radiation and/or thermal 
bonding techniques may be utilized. The surface 42 of the 
reinforcing layer may also be treated, for example by one or more 
5 of the following: tinting, anti- glare coatings and anti-scratch 
coatings. 

Various surfaces of the screen and/or its constituent layers 
may be provided with other optical lenses or lenticular arrays to 
control aspects of the projection screen bearing on performance 

0 characteristics other than color shift performance, as is known to do 
with conventional projection screens, without impairing the 
improved color shift performance of the three dimensional 
holographic projection screen. FIGURE 4 illustrates a first such 
variation wherein at least two holograms are superimposed or 

5 stacked. According to the example shown, a first hologram having a 
horizontal gain variation across a viewing field of ± 40° is stadced 
with a second hologram having a vertical gain variation across a 
field of ± 20°. The gain variations are suggested by shading in the 
drawing, but when not illuminated the actual holographic elements 

0 simply appear to be diffuse across their surfaces. The result of 
superimposing horizontal and vertical gain variation holograms is 
substantially equivalent to a center- only hologram; however, the 
brightness level is varied at different rates across the horizontal 
span and the vertical span, because the horizontal span is 

5 substantially-larger-than-the-vertical-spanT 

FIGURE 5 is a graph of measured screen brightness as a 
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percentage of peak white brightness through a horizontal viewing 
span of ± 40», at a point in the center of the screen. The two lines 
on the graph represent the brightness using only a horizontally 
varying hologram and brightness using stacked horizontally and 
5 vertically varying holograms. The horizontal brightness variation 
with stacked holograms is substantially equal or slightly improved 
over the performance of the horizontal hologram alone. 

In designing a holographic screen for a variety of 
performance domains, it can be difficult to make a screen that 
10 implements all desired performance characteristics at once. 
Stacking allows the separate handUng of different demands, such as 
vertical and horizontal variations in gain, the requirements for 
which may be different, for example due to the aspect ratio of the 
screen (i.e., wider than tall), or a need for an offset on one axis (e.g.. 
15 vertical) while remaining centered on the other. This arrangement 
is not limited to two stacked holograms having linear or other gain 
variations, but is also appUcable to additional stacked holograms, for 
example to control chromatic aberration or other aspects of light 
transmission through the screen, or to stacking with elements that 
20 improve edge brightness, color shift performance and the like. 

nGURE6 illustrates a further variation in which a center-only 
hologram 26 (i.e., having horizontal and vertical gain variation) is 
stacked with linear fresnels 29, 31 for effecting horizontal and 
vertical colUmation. This embodiment has favorable cost 
25 irapUcations in that linear fresnels can be embossed or roller 
extruded inexpensively as compared with a circular fresnel. A 
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circular fresnel can account for as much as 60% of the cost of a 
conventional screen. A linear fresnel costs about 25%of the cost of 
a circular one. Therefore, a 30% cost savings is possible (i.e., 
(25%f-25%)*60% = 30%). As with the horizontal and rotated 
5 holograms as discussed above, the linear fresnels can be varied 
across the horizontal and/or vertical viewing span as necessary, for 
example to vary the focal lengths independently in th-e vertical and 
horizontal spans. The two stadced linear fresnels can be placed in 
either order behind the holographic element. 
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CLAIMS: 


1 1. A projection television, comprising: 

2 a plurality of image projectors (14, 16, 18) for respective 

3 images of different colors; 

4 a projection screen (22) formed by at least one hologram (26) 

5 disposed on a substrate (24) superimposed on at least one light 

6 transmissive panel (38), said screen receiving images from said 

7 projectors on a first side and displaying said images on a second 

8 side with controlled light dispersion of said displayed images; 

9 at least one of said projectors (14, 16, 18) being oriented 
along an optical path converging with a path orthogonal to said 

1 1 screen, defining at least at one angle of incidence; 

said screen forming an interference array with optical 

13 properties varying horizontally and vertically across a field of view, 

14 the screen having a color shift less than or equal to approximately 

15 five for ail said angles of incidence in a range greater than 0° and 

16 less than or equal to approximately 30", as determined by the 

17 maximum value obtained from at least one of the following 

18 expressions: 

C(e)^20olos,o(^^J; 

blue(Q) 


10 


19 


C(Q) = 20olog,,(Effn(®l) 
blue(e) 


20 
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21 where 6 is any angle within a range horizontal viewing angles. Qe) 

22 is the color shift at angle 9, red(e) is the red luminance level at 

23 angle 9, blue(9) is the blue luminance level at angle 9 and green(9) 

24 is the green luminance level at angle B. 

2. The projection television of claim 1, wherein the screen 
comprises at least two holograms stacked on one another, the 
holograms having independent variations in optical qualities across 
the field of view. 

3. The projection screen of claim 2, wherein said at least 
two holograms have gain variations across horizontal and vertical 
spans of the field of view, respectively. 

1 4. The projection screen of claim 1, wherein the screen 

2 (22) comprises at least one fresnel element (29, 31) superimposed 

3 on said at least one hologram. 

1 5. Th? projection screen of claim 4, comprising at least two 

2 fresnel elements (29, 31) stacked behind the hologram, the at least 

3 two fresnel elements having independent collimating effects that 

4 are superimposed. 

1 6. The projection screen of claim 5, wherein the at least 

~2 tw(rfresnere^re"rrients~(2973T) have varying~opIical properties across 

3 vertical and horizontal spans of the field of view, respectively. 
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1 7. The projection screen of claim 6, wherein the at least 

2 two fresnel elements (29, 31) have varying focal length across 

3 vertical and horizontal spans of the field of view, respectively. 

1 8. The projection television of claim 1, wherein the color shift 

2 of said screen is less than or equal to approximately 2 for all said 

3 angles of incidence. 

9. The projection television of claim 1, wherein: 
the color shift of said screen is less than or equal to 

approximately 2 for all said angles of incidence in a first subrange 
of angles of incidence greater than 0° and less than or equal to 
approximately 10°; and, 

the color shift of said screen is less than or equal to 
approximately 5 for all said angles of incidence in a second 
subrange of angles of incidence greater than approximately 10° and 
less than or equal to approximately 30°. 

10. The projection television of claim 1, wherein said screen 
(22) further comprises a light transmissive reinforcing support 
member (38). 

11. The projection television of claim 10, wherein said 
reinforcing support member (38) comprises an acrylic. 
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1 12. The projection television of claim 1, wherein said 

2 substrate (24) comprises a transparent, water-repellent film. 

1 13. The projection television of claim 1, wherein said 

2 substrate (24) comprises a polyethylene terephthalate resin. 

1 14. The projection television of claim 12, wherein said 

2 substrate (24) comprises a film having a thickness in the range of 

3 approximately 1-10 mils. 

1 15. The projection television of claim 1, wherein said at least 

2 one hologram comprises a three dimensional holographic photo 

3 polymer material disposed on said substrate (24). 

1 16. The projection television of claim 1, wherein said at least 

2 one hologram comprises at least two stacked layers of photo 

3 polymer material on said substrate (24), together forming a three 

4 dimensional hologram (26). 

1 17. The projection television of claim 1, further comprising a 

2 mirror (20) between said image projectors and said screen. 

1 18. The projection television of claim 1, in which said three- 

2 dimensional hologram (26) has the following performance 
-3 specifications: 

4 Horizontal half viewing angle: 38** ± 3° 
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5 Vertical half viewing angle: 10"* ± 1° 

6 Screen gain: S8 

7 GDlor shift: <3. 
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